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ABSTRACT

A study was made of the stress-strain characteristics of compacted
samples of a modified loessial soil obtained near Memphis, Tennessee.
The study consisted of compacting samples at a constant water content
and at unit weights of 92, 96 and 100 pounds per cubic foot (1470, 1540
3
and 1600 kg/m ).

Triaxial tests were performed on unsaturated compacted

specimens to obtain stress-strain-volume change data.

These data were

used to determine stress-dependent functions for tangent modulus and
Poisson's ratio.
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I.

A.

LITERATURE REVIEW

INTRODUCTION
With the increasing utilization of high-speed digital computers in

recent years, much attention has been directed toward approximating soil
behavior under various loading conditions with sophisticated numerical
methods.

One such method, the finite element technique, has been

developed into a reasonably accurate and economical means of analyzing
problems of soil-structure interaction.
In many cases, however, researchers using the finite element
technique have simplified soil-structure interaction problems by assuming that the soil behaves as a linear elastic material.

In this sim-

plified case, the mechanical properties of the soil are defined by two
elastic constants:
ratio, v.

Young's modulus of elasticity, E, and Poisson's

In order to estimate the value of Young's modulus, simple

laboratory tests were usually performed.

In some instances, the value

of Young's modulus in the analysis was increased linearly with depth to
better simulate field conditions.

In most cases, the value of Poisson's

ratio for the soil was varied over successively constant values to
determine the effect that Poisson's ratio has on the solution.

This

variation of Poisson's ratio generally produced significant changes in
the results of the finite element analyses.

In no cases reported in

the literature in which a linear elastic analysis was utilized were
laboratory tests performed to determine even an average Poisson's ratio
of the soil.
Kondner (1963) stated that "soils are neither ideally elastic nor
ideally fluid in nature, but are a member of the vast intermediate
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group of visco-elastic materials."

It would seem that a certain amount

of error is involved in approximating the behavior of a visco-elastic
material with a linear elastic model.

Therefore, work was undertaken

to formulate a mathematical model to approximate the nonlinear behavior
of soils.

B.

DEVELOPMENT OF THE HYPERBOLIC STRESS-STRAIN RESPONSE FOR SOILS
Kondner (1963) and Kondner and Zelasko (1963) showed that the

stress-strain response of a variety of both cohesive soils and sands
could be reasonably approximated by a two-constant hyperbola.

Figure 1

shows a rectangular hyperbola which passes through the origin of a
stress-strain coordinate system and is asymptotic to the lines

s + a
0 -

0

where 0 is the principal stress difference (0
strain.

(1)

B= o
1

- 0 ) and s is the axial
3

The equation of the hyperbola represented in Figure 1 can be

written as

s0 - Bs + ao

=0

(2)

If equation 2 is divided by the principal stress difference, o,
then the equation becomes

s -

B and

Dividing by

B 0s +

a

0

(3)

rearranging terms, equation 3 can be written as

(4)

Equation 4 is then in the form of a straight line with ~ as a function
0

of E where

1

S is

the slope and ~ is the ordinate intercept.

ASYMPTOTE

UJ

t-

o
1a..

I

-Q = tan e

~

)(/)

<t

0
AXIAL

Figure 1.

STRAIN ,

E

Rectangular Hyperbolic Representation of Stress-Strain Response (after Kondner).
w
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Since a and

B are

constants for a given rectangular hyperbola,

equation 4 can be written as
E

a
where

=a +
a

(5)

bE

= 8a
(6)

1

b

B

The straight line described by equation 5 is shown in Figure 2 and is
called the transformed hyperbolic curve.

Solving for stress difference

in equation 5 gives the stress difference as a hyperbolic function of
axial strain and is represented by
E

a=-a+b£

(7)

The significance of the constants a and b to the stress-strain
response of the soil can easily be shown.

The constant, b, the slope

B in

of the straight line in Figure 2, is equated to the inverse of
equation 6.

As seen in Figure 1,

B is

the ordinate distance to the

horizontal asymptote of the rectangular hyperbola and thus is the upper
limit of stress difference, or (al - a3)

u 1t

.

Therefore,

B is

equal to

the inverse of the slope of the straight line in Figure 2, and
1

B= b =

(8)

ault =

If equation 7 is differentiated with respect to the axial strain
and the derivative is evaluated at E
modulus (dda)
£

E

=0

is represented by

intercept in Figure 2.

la'

0, then the initial tangent
the inverse of the ordinate

This can be written as
(9)

If an experimental stress-strain curve is plotted as a transformed
hyperbola, the initial tangent modulus and the ultimate strength of the

wlb
C/)
C/)

Ljb

w

a::

1C/)
_.J

<t

:E

a::

0

z

0
1-

I
E·I =a

z
<t
a::
1-

I

C/)

<Jult

_.J

<t

= b

X

<t

u.

0

I

0
1-

a

<t

a::

AXIAL

Fig·ure 2.

STRAIN ,

€

Transformed Hyperbolic Representation of Stress-Strain (after Kondner).
_n
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soil can be calculated from the slope and the intercept of the best fit
straight line.

Then equation 7 can be rewritten as
E:

a

(10)

where

C.

E:

a

is the axial strain.

VERIFICATION OF THE HYPERBOLIC STRESS-STRAIN RESPONSE FOR SOILS
Kondner (1963) reported the results of consolidated-undrained

triaxial compression tests on compacted samples of illitic clay in
terms of the two-constant hyperbolic stress-strain relations given
in equations 5 and 7.

The samples were tested at rates of strain of

0.2, 2, 16, and 100 percent per hour with pore pressure measurements
taken throughout the tests.

Specimens were consolidated and tested

with overconsolidation ratios of 1, 2, 4, 10, and 20 at each rate of
strain, and specimens with an overconsolidation ratio of 6 were tested
at strain rates of 16 and 100 percent per hour.
Kondner plotted test results in the transformed hyperbolic form
in order to fit a straight line through experimental points and obtain
values for the constants a and b.

The resulting best fit two-constant

hyperbola was compared with the experimental stress-strain curves, and
a good representation of the stress-strain response was noted from
low strains through failure.

Kondner reported that in the transformed

hyperbolic form, the experimental data for very low values of strain
plotted below the best fit straight line, as shown in Figure 3.

This

indicates that the actual initial tangent modulus of the test specimen
is larger than that given by the inverse of the transform intercept, a.

IJJ
(.)

z

w
a::
w

lL.

lL.

0
(f)
(f)

IJJ

a::

~
(f)

z
<t

a::

1(f)
_J

<t
X

<t

AXIAL

Figure 3.

STRAIN

Typical Transformed Stress-Strain Curve as Reported By Kondner.
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Kondner noted that had the initial portion of the experimental stressstrain curve been linear, the trarlsformed data at low strains would
have plotted as a horizontal line. · A definite nonlinearity (even at
low strains) was indicated by the fact that all of the transformed
test data at low strains 'turned downward toward the origin instead of
plotting as a horizontal line.

However, Kondner stated that diffi-

culties in controlling the initial conditions of loading and inaccuracies of measuring load and deflection at small strains could invalidate
any general conclusions regarding complete nonlinearity of the cohesive
soil tested.
Kondner observed that the ultimate value of stress difference as
given by

b1 was nearly always greater than the stress difference at

failure as measured from triaxial tests.

He found that the stress

difference at failure was consistently near 95 percent of the value
predicted by the inverse of the slope of the best fit line through the
transformed experimental data.

Therefore, equation 10 can be written

as
£a

a

(11)
where Rf is called the failure ratio and was found to be 0.95 for the
cohesive soils tested.
Kondner applied the transformed hyperbolic fitting procedure to
test results reported in the literature by several investigators for a
variety of cohesive soils.

He concluded that the two-constant hyper-

bola is generally applicable as a representative of the stress-strain
response of cohesive soils.

9

Kondner and Zelasko (1963) reported results of free-draining triaxial tests on loose and dense uniform fine dune sand.

Results were

plotted in the transformed hyperbolic form, and good correlation was
reported from a low value of strain through the failure condition of
the specimens.

The authors also reported that the ultimate principal

stress difference, as predicted from the transformed hyperbolic curve,
was larger than the stress difference at failure in triaxial compression
For the sand which was tested, the value of Rf in equation 11 was consistently near 0.96, regardless of whether the sand was in the loose or
dense state.
Results of triaxial compression tests performed on various sands
by other investigators were also presented by Kondner and Zelasko.
These results showed that the two-constant hyperbola is a good model
of the stress-strain response of sands for all levels of strain.

In

two tests reported by other investigators, the transformed hyperbolic
curve was horizontal at low strains, indicating that this portion of
the stress-strain curve was linear.
Duncan and Chang (1970) performed a series of standard drained
triaxial compression tests on a uniform, fine silica sand in both
loose and dense states.

By plotting the stress-strain data in a trans-

formed hyperbolic form, they reported close agreement between the
laboratory stress-strain curve and a two-constant hyperbola.

The

authors also observed that the transformed data diverged somewhat from
a linear relationship at both low and high values of strain, indicating
that the shape of the stress-strain curve in these areas of strain was
not hyperbolic.

10

Duncan and Chang suggested that the best agreement between the
stress-strain data and a two-constant hyperbola could be obtained by
fitting the straight line transformed curve through the two data points
at which 70 and 95 percent of the total strength was mobilized.

Thus,

the parameters a and b, which describe the "best fit" hyperbola, could
be found by passing a straight line through the transformed data at the
70 and 95 percent stress levels.

Stress level is defined as the ratio

of a given stress to the ultimate stress.

The ultimate stress is

indicated by the asymptote to the hyperbolic stress-strain curve.
The authors reported that the value of Rf in equation 11 was found
to be between 0.75 and 1.00 for a variety of soils.

They also noted

that the value of the failure ratio, Rf, is essentially independent of
confining pressure.
Daniel and Olson (1974) collected stress-strain data from more
than 200 triaxial compression tests on specimens of compacted clay in
order to develop analytical expressions for the stress-strain properties
in forms convenient for use in finite element analyses.

They performed

unconsolidated-undrained triaxial tests, and volume changes of the
samples were obtained using a single-burette volume change device which
measured the amount of water entering or leaving the cell during the
test.

The results of the more than 200 tests were plotted in trans-

formed hyperbolic form.
The evaluation of the constants a and b was discussed by Daniel
and Olson.

They reported that the two most convenient methods of

determining these constants were (1) Kondner's transformed stressstrain curve method, and (2) the so-called "two-point" method suggested
by Duncan and Chang.

Daniel and Olson found that the transformed

11

stress-strain curve was nearly linear for strains greater than about
4 percent.

However, for low strains, the transformed curves turned

downward toward the origin as Kondner had observed for cohesive soils
and as illustrated in Figure 3.

This shows that the initial tangent

modulus of the laboratory curve is greater than that predicted by the
best fit hyperbola.
The authors reasoned that since the transformed hyperbola is completely defined by two constants, it will also be completely defined by
constraining it to pass through any two actual data points.

Also,

since the hyperbola will necessarily only be a "perfect fit" at these
two points, the points should be in those portions of the stress-strain
curve where the greatest accuracy is desired.

As reported earlier,

Duncan and Chang recommended using the data points corresponding to the
70 percent and 95 percent stress levels of the laboratory stress-strain
curve.

However, since the results were to be used in finite element

analyses, and since the finite element technique is used to predict
strains at stress levels considerably less than those that cause
failure, Daniel and Olson reasoned that a stress level lower than 70
percent should be chosen to obtain a better fit in the early part of
the stress-strain curve.

By visual comparison between laboratory

curves and hyperbolas fitted through various stress levels, Daniel
and Olson observed that hyperbolas passing through the 50 percent and
95 percent stress levels gave a generally accurate fit, except at very
low strains and at strains beyond failure.
Riggs (1978) performed consolidated-drained triaxial tests on
~nsaturated

samples of undisturbed modified Memphis loess to formulate

a mathematical model of stress-strain behavior for use in finite

12

element analysis.

Volume changes of the samples were determined by

measuring the amount of water entering or leaving the triaxial cell.
The results of the triaxial tests indicated an elasto-hyperbolic stressstrain response for the loess.

From the origin to approximately 1.0 to

1.5 percent axial strain, a definite linear stress-strain was evident,
followed by a hyperbolic stress-strain response.

The initial linear

portion of the stress-strain curve plots as a horizontal line in the
transformed curve as reported by Kondner.

A typical transformed curve

showing this initial linearity is shown in Figure 4.

In order to elim-

inate the effects of the linear segment of the stress-strain curve on
the line fit through the transformed data, Riggs fitted a straight line
through those data points representing axial strains greater than 3
percent.

Riggs reported close agreement between the resulting two-

constant hyperbolas and the experimental stress-strain curves for the
undisturbed loess.

He noted that the value of Rf in equation 11 was

1.0 for the tests performed.

A typical plot showing the two-constant

hyperbola overlying the experimental data points is shown in Figure 5.

D.

DEVELOPMENT OF THE STRESS-DEPENDENT HYPERBOLIC RESPONSE
Duncan and Chang (1970) stated that the stress-strain behavior of

a soil is highly dependent on a number of factors, including water
content, confining pressure, dry unit weight, stress history, duration
of loading, and drainage conditions.

If laboratory tests are performed

to approximate field conditions, then factors such as water content, dry
unit weight, and drainage conditions may be controlled in laboratory
test specimens to simulate the corresponding properties in the field.

1.1.1

0

z

1.1.1

0::

w

"u.
0

rJ)

C/)
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a:
.,_
C/)

'z
<1:

._

a:
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.J

<1:
X

<l

AXIAL

Figure 4.

STRAIN

Typical Transformed Curve Showing Initial Linearity (after Riggs).
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Figure 5.

Typical Stress-Strain Curve Showing Hyperbolic Response (after Riggs).
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Confining pressures in compacted fills and embankments can change with
depth and strain conditions.

Therefore, the effects of confining pres-

sures on the hyperbolic stress-strain response of a soil are important
if an accurate model for finite element analysis is to be developed.
Janbu (1963) made an extensive study of the variation of tangent
modulus with effective confining pressure, 03, for a variety of soils
ranging from rock to plastic clays.

He stated that the initial tangent

modulus, E.,
can be described by the formula
].
0

=

where P

a

K(_l)n
p

(12)

a

is the atmospheric pressure expressed in the same units as

E.]. and 03, and K and n are dimensionless experimental constants.
value of n ranges from 0.0 to 1.0.

The

A plot of E. versus 0 3 on a log-log
].

.

coordinate system results in an experimental curve where n is the slope
of the best fit straight line, and K is equal to the value of E./P
l.

when 03/P

a

is equal to unity.

a

Janbu observed that the value of n

increases with increasing porosity, and the value of K decreases
significantly with increases in both porosity and water content.
Kulhawy, Duncan, and Seed (1969) reported results of tests
performed on clay, sand, and gravel under unconsolidated-undrained,
consolidated-undrained, and consolidated-drained conditions.

In each

case, the relationship between initial tangent modulus and confining
pressure was in close agreement with equation 12.
The authors expressed the relationship between compressive
strength and confining pressure using the Mohr-Coulomb failure

16

criterion

¢ + 2 o3 sin ¢

2c cos

(13)

1 - sin ¢
in which c and

¢ are the Mohr-Coulomb strength parameters.

Equations 11, 12, and 13 were incorporated by Kulhawy, Duncan,
and Seed to arrive at a stress-dependent relation for the tangent
modulus of a given soil at any stress and at any confining pressure.
The authors noted that if the value of

03

is assumed to be constant,

then the tangent modulus may be expressed as

(14)

If the indicated differentation is performed on equation 7 and the
relations for a and b are substituted, then the tangent modulus may be
expressed as
1

E.l.
(15)
The authors noted that since stresses may be calculated more accurately
than strains, equation 15 should be expressed as a function of stresses
only.

If equation 11 is written as
E

=
E. [1 l.

Rf(cr1-o3)
----]
(01-03) f

(16)

and substituted into equation 15, then the tangent modulus can be
expressed as

(17)
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By substituting expressions for E. (equation 12) and (crl -03) f
f

1.

(equation 13) into equation 17, the authors expressed the tangent
modulus at any stress condition as
Rf (1-sin ¢) (cr1 -· cr3)

E

t

=

[1 -

2c cos

¢+ 2

cr3 sin

¢

] 2 KP

cr3

a

(--)n
P

(18)

a

Kulhawy, Duncan, and Seed explained that because the tangent modulus
is expressed in terms of stresses only, it may be used with any initial
stress condition without complication.

Also, the constants Rf, K and n

can be determined from the same laboratory tests performed to find c
and

¢.
Duncan and Chang (1970) reported close agreement with equation 12

for silt from the foundation of Cannonsville Dam and for rockfill
material used for the shell of Furnas Dam.

The finite element analysis

performed by Duncan and Chang utilized equation 18 as developed by
Kulhawy, Duncan and Seed.
Kulhawy and Duncan (1972) also utilized equation 18 in a finite
element analysis of an embankment section of Oroville Dam.

The results

of the analysis were compared to settlements monitored by means of
instrumentation of the dam and were shown to be in close agreement.
Daniel and Olson (1974) found that equation 12 was valid for
compacted clays and that there was a significant variation of the
constants K and n with changes in moisture content.

However, they

approached the problem of relating ultimate strength to confining
pressure in a different manner.

Daniel and Olson reported that the

stress difference at failure is a linear function of confining
pressure for confining pressures less than 100 psi (690 kPa).

The
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stress difference at failure was expressed as
(19)

where d is equal to the ordinate intercept and tan

~

the best fit straight line through the test data.

For confining

is the slope of

pressures larger than 100 psi (690 kPa), they found that it was more
accurate to assume that log (cr1 -- cr3)f was a linear function of log
(cr 3) and expressed the stress difference at failure as
(20)

in which K is the value of (cr1 -- G3)f when cr3 is equal to unity and
tan

~

is the slope of the best fit line on a log-log coordinate system.

Therefore, by substituting equations 12 and 19 into equation 11, the
stress-dependent hyperbolic equation is written as
E

_____ .___;_a"-------

(21)

in terms of

E

a

for the case where cr 3 is less than 100 psi (690 kPa).

Since the stress-strain curve is defined for all stress conditions,
the value of the tangent modulus for a given stress condition is also
defined for use in the finite element analysis.

E.

DEVELOPMENT OF STRESS-DEPENDENT EXPRESSIONS FOR TANGENT POISSON'S
RATIO
For increments of axial strain applied to the silica sand, Duncan

and Chang (1970) calculated values of Poisson's ratio by the equation
6.£
\) =

- M::.
a
v
26.£
a

(22)
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where v approximates the tangent Poisson's ratio, E

v

strain and E

a

is the volumetric

is the axial strain with compression being positive.

They

observed that the values of Poisson's ratio generally increased with
increasing stress level and concluded that it is not possible to
characterize the volumetric behavior of the sand tested by a single
value of Poisson's ratio.

However, no effort was made to relate

volume changes to shear stresses, and a single constant value of
Poisson's ratio was used in their analyses.
Riggs (1978) plotted Poisson's ratio versus stress level data
resulting from triaxial tests performed on undisturbed samples of
modified Memphis loess.
equation 22.

Poisson's ratio was calculated using

The author observed that the value of Poisson's ratio

could be approximated with a two-step mathematical function of the
stress level, s, as shown in Figure 6.

The erratic plotting of

Poisson's ratio at stress levels less than 0.15 was typical for the
triaxial tests performed by Riggs.

The erratic initial data points

were attributed to inaccurate measurements of relatively large incremental volume changes during relatively small increments of axial
deformation.

For inclusion in a finite element analysis, the initial

segment was approximated by the visually fitted linear function

v = 0.450 - 2.25(s)

(23)

where s is the stress level as a decimal.
Values of Poisson's ratio, v, at stress levels greater than
approximately 0.15 were described by the exponential function
v

= V.e~s
1

(24)
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where
S = the stress level as a decimal
v.

l.

~

0

~

Poisson's ratio when s

a regression coefficient

The range of

~was

generally between 0.8 and 1.2.

With the

exception of one curve, ·the . lowest .correlation coefficient ·for the
regression analyses was 0.930.

Riggs reported that he was not able to

determine a correlation of vi with

from the data which were obtained

03

The author reasoned that progressive breakdown of specimen cementation
during triaxial testing affected the volumetric strain characteristics
such that v. could not be determined as a function of
1.

0 3•

Kulhawy, Duncan, and Seed (1969) developed a nonlinear stressdependent Poisson's ratio relationship for use in their finite element
analysis.

They defined the tangent Poisson's ratio as
dE
vt

r

=-

dE

a

(25)

where vt is the tangent Poisson's ratio, Er is the radial strain and
E

a

is the axial strain.

Since radial strains are not commonly measured

in the laboratory, the radial strain was related to the volumetric
strain in the following manner
(E -E )

E

v

=

r

a

2

(26)

It was found that the relation between axial strain and radial
strain can be approximated by a hyperbolic equation of the form
E

E

a

=

r

f+dE

r

in which f and d are constants determined empirically.

(27)

Equation 27

is in the same form as Kondner's hyperbolic stress-strain response
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and can also be transformed to a straight line by rewriting equation
27 as
E
_£
E

=f +

dE

a

(28)

r

It can be seen that f is numerically equal to the Poisson's ratio at
zero strain, the initial Poisson's ratio, vi.

Also, the parameter d

is equal to the slope of the straight line represented by equation 28.
Kulhawy, Duncan, and Seed found that the volume change data plotted
in the transformed manner deviated appreciably from a straight line at
small strains.

The data curve turned downward toward the origin in

much the same manner as did the stress-strain data reported earlier.
Therefore, as in the case of the stress-strain data, the authors
fitted a straight line through the data points corresponding to the

70 percent and 95 percent stress levels.
A relationship of initial tangent Poisson's ratio to confining
pressure was observed by Kulhawy, Duncan, and Seed and expressed as
vi = G - F log (~ 3 )
(29)

a

in which G is equal to the value of
atmosphere,

03

v.~ at a confining pressure of one

is the confining pressure, and P

pressure expressed in the same units as o 3 •

a

is the atmospheric

The rate at which the

initial tangent modulus decreases with an increase in confining
pressure is represented by the parameter F.
The authors noted that the tangent Poisson's ratio may be defined
as
(30)
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By performing the indicated differentiation on equation 28, the tangent
Poisson's ratio may be expressed as
f

(1-dE: )

2

(31)

a

The authors, having shown previously that the parameter f is equal to
the initial Poisson's ratio, substituted equation 29 into equation 31
which yielded
G - F log (03)
Vt =

pa

------(1-dE: )

2

(32)

a

In order to eliminate strain from equation 32, equation 16 was
rearranged as

(33)

and substituted equation 33 into equation 32.

The tangent Poisson's

ratio was then expressed as

\)

t

[1-

G - F log (Q1_)
p
a
d(0r-<J3)
Rf(01-03) (1 - sin <t>)
KP (Q.l_)n[l a p
2c cos <t> + 2 03 sin <t>
a

J2

(34)

Equation 34 expresses tangent Poisson's ratio as a function of confining
pressure, principal stress difference, and eight parameters.

The

values of the eight parameters (the five modulus parameters K, n, c,

q,, and Rf and three additional parameters G, F, and d) may be determined by a series of triaxial compression tests with volume change
measurements.
Kulhawy, Duncan and Seed performed finite element analyses of
stresses and movements of Otter Brook Dam using stress-dependent
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Poisson's ratio and tangent modulus relationships described earlier.
They reported that the observed and calculated movements were found
to be in excellent agreement.
Kulhawy and Duncan (1972) utilized the same stress-dependent
relationships for tangent modulus and tangent Poisson's ratio as
Kulhawy, Duncan and Seed for a finite element analysis of movements
in Oroville Dam.

Calculated movements were in close agreement with

those observed through instrumentation.
Daniel and Olson (1974) found little agreement with equation 31
as developed by Kulhawy, Duncan and Seed, observing that values of v

t

calculated from equation 31 were too large at both low and high axial
strains.

As an alternative, Daniel and Olson found that the tangent

Poisson's ratio was approximately a linear function of the stress level.
The authors expressed the tangent Poisson's ratio as
Ccr1-cr3)
vt =vi+ (vtf-vi) (cr1-cr3)f

(35)

in which vtf is the tangent Poisson's ratio at failure.
The authors related initial tangent Poisson's ratio and tangent
Poisson's ratio at failure to confining pressure in much the same way
as did Kulhawy, Duncan and Seed.

Daniel and Olson found that

semilogarithmic plots of vi versus cr 3 and vtf versus cr 3 approximately
define straight lines and expressed the relationships as
V.

1

= D + E log cr 3

(36)
(37)

in which D, E, F, and G are experimental constants determined from a
series of triaxial compression tests with volume change measurements.
The incorporation of equations 19, 36, and 37 into equation 35 would
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result in an expression for tangent Poisson's ratio in terms of
stresses only.

F.

DEVELOPMENT OF EXPERIMENTAL PROCEDURE
The literature was searched for testing procedures that would

model the behavior of compacted loessial fills and embankments as
well as define the necessary empirical parameters required with a
minimum of experimental error.
were of particular concern:

Two areas of the experimental procedure

(1) how best to model field compaction of

loessial soils, and (2) the best method of performing triaxial tests
to accurately determine values of . Poisson's ratio at all levels of
stress.
1.

Compaction of Samples.

Wilson (1950) introduced the Harvard

miniature compaction apparatus as a device to reduce the time, effort
and quantity of material required to obtain moisture-density relations
for soils.

In addition, he reported that the method of compaction

utilized by the apparatus more closely duplicates the kneading action
of sheepsfoot rollers than do dynamic methods of compaction for silty
clays.
McRae and Rutledge (1952) also found that kneading compaction in
the laboratory produces compaction curves for silty clay closely
approximating those obtained for compaction by sheepsfoot or rubbertired rollers.

The authors theorized that only specimens compacted

under conditions closely approximating field conditions will have
physical properties reasonably similar to the field-compacted soil.
Casagrande and Hirschfeld (1960) compared a series of Harvard
miniature compaction curves for Canyon Dam clay with a field compaction

26

curve.

The authors reported that the shapes of all the laboratory

curves were approximately the same as the field curve with one
particular laboratory curve (10 layers, 30 tamps per layer, 20 pounds
(90N) per tamp) practically identical to the field curve.

They noted

that it was not possible to obtain by means of the Harvard miniature
device a compaction curve similar in shape to a Standard Proctor
compaction curve.
Casagrande and Hirschfeld performed a series of tests to determine
the effect of cumulative compaction effort due to using a constant
number of tamps on each layer throughout the height of the sample and
also the additional compaction due to the force required to extrude the
sample from the mold.

The results of these tests indicated that for

specimens compacted wet of optimum, there was no significant variation
in unit weight throughout the sample.

Extrusion of specimens compacted

dry of optimum resulted in unit weights 2 to 4 percent greater at the
end where the extruding force was applied.

When a split mold was used

to eliminate the extrusion process, no variations in unit weight were
measured that might be due to cumulative compaction effort.
Gau and Olson (1971) performed uniformity tests on specimens of
compacted clays for different methods of compaction.

They recommended

that for samples compacted using kneading compaction, the thickness of
each layer should be no greater than one-tenth the diameter of the
mold in order to assure uniform densities.
2.

Nonuniformity of Strains.

Rowe and Barden (1964) noted that in

standard triaxial tests, bulging of tested specimens causes nonuniform
stresses and strains to exist which are difficult to evaluate.

They
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observed that at axial strains of 20 percent, the central cross
sectional area of the sample can be as much as 50 percent greater than
the area at the end platens.

This barreling or bulging of the sample

illustrates that radial strains are nonuniform, making it difficult
to assess the value of o 1 in the failure zone.

Rowe and Barden reasoned

that the main cause of this nonuniformity is the formation of dead
zones at the ends of the sample caused by the restraining effect of
radial friction forces at the end platens.

In order to eliminate these

dead zones, it is necessary to reduce the radial friction forces that
act between the end platens and the sample.

The most effective method

of reducing this radial friction reported by Rowe and Barden was to
lubricate the end caps with silicone grease and cover the grease with a
rubber membrane.

A porous stone was placed in each end platen to allow

drainage during the test.

The authors suggested reducing the height-to-

diameter ratio from two, as used in a standard triaxial test, to one
when using the lubricated end platens.
Olson and Campbell (1964) reported agreement with the findings of
Rowe and Barden and concluded that the combination of short samples
and low friction end platens should yield shearing parameters that are
less influenced by end restraint than the parameters measured using
standard techniques.
Lee and Seed (1964) also reported that silicone grease proved to
be a very successful lubricant and that friction decreased for greater
thicknesses of rubber, but appeared to level off at a thickness of
approximately 0.015 inches (.38 mm).

They reported that by using a

small dowel extending into the ends of the sample from the center of
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the top and bottom platens, the tendency for the top or bottom of the
sample to slide off the platen was eliminated.

It was observed that

throughout the tests the samples deformed essentially as the ideally
assumed right circular cylinder,·· and no visible shear planes were
developed.
Barden and MacDermott (1965) performed standard and lubricated
end tests on specimens of clay.

They reported that lubricated ends

used with short samples do not alter the effective stress strength
parameters.
Bishop and Green (1965) recommended that when using a sample with
a height to diameter ratio of one, a sandwich of two thinly greased
membranes should be used on each end.

They reported that the use of

greased membranes produces shear strengths comparable to that of a
sample having a height to diameter ratio of two.
Investigations by Blight (1965), Duncan, Seed and Dunlop (1966),
Khera and Krizek (1967), Per1off and Pombo (1969), and Roy and Lo (1971)
also demonstrated the usefulness of lubricated ends in triaxial
testing, especially where accurate measurement of volume changes are
required.
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II.

A.

EXPERIMENTAL PROCEDURE

SAMPLING AND PRELIMINARY TESTING
A loessial soil was obtained in the northeast corner of Shelby

County, Tennessee (approximately 35° 20' north latitude, 89° 44' west
,,.

longitude), in an area that is north of the Loosahatchie River, east
of the Crooked Creek Drainage Canal, and southwest of the Beaver Creek
Drainage Canal.

The site-is at the southwest limits of Duke Pit, which

is a gravel operation of the Memphis Stone and Gravel Company.

The area

is grass covered and slopes gently to the north, becoming steeper north
of the site.

There are no large trees in the immediate area.

The soil was obtained from a depth of 36 to 48 in. (0.9 to 1.2 m)
below the ground surface.

It is estimated that the layer of loess at

the site is 20 feet (6m) thick.

The loess is underlain by gravel

deposits, probably facilitating good internal drainage of the loess.
The soil was placed in plastic bags, sealed to prevent moisture loss,
and transported to the laboratory.
At the laboratory, the soil was passed through a U.S. Standard
Number 4 Sieve in order to facilitate sample compaction.

The soil was

sealed in a large plastic bag and stored in a moist curing room to
keep the soil at its natural moisture content.
The Atterberg limits, natural moisture content, and specific
gravity of soil solids of three representative soil samples were
determined.

Combined grain size analyses were also performed on

three representative soil samples.
presented in Chapter III.

The results of these tests are
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B.

COMPACTION OF SOIL SM1PLES

1.

Description of Compaction Equipment.

In order to compact uniform

samples for triaxial testing, a special three inch (7.6 in.) diameter
split compaction mold was designed and manufactured.

The mold consists

of a length of steel pipe surrounding a length of thin walled steel
tube.

A photograph of the dismantled mold is presented in Figure 7.
The assembled compaction mold has an inside diameter of 2.9 inches

(7.4 em) and a length of 7.0 inches (17.8 em).

A 3.75 inch (9.53 em)

long compaction collar was made to fit over the assembled mold to aid
in the compaction process.

Figure 8 shows a view of the assembled mold

with the compaction collar in place.

When the machine bolts on the

sides of the mold are loosened, the split steel tube inside the mold
expands and allows removal of the sample with a minimum of effort and
disturbance.
A Harvard miniature compaction apparatus was modified so that it
could be used with the larger mold.

A longer piston was placed in the

apparatus, and the piston was fitted with a 1.125 inch (2.86 em)
diameter circular foot.

This foot size was chosen so that the ratio

of the area of the compaction foot to the area of the mold would equal
the ratio of the area of the Harvard miniature compactor to the area
of the Harvard miniature mold.

A view of the modified Harvard miniature

compaction apparatus with the disassembled mold is shown in Figure 9.
Figure 10 shows the assembled mold from a : different viewing angle.
2.

Preliminary Compaction Procedures.

The volume of the compaction

mold was determined by sealing all seams with vacuum grease and filling
the mold with water.

The temperature of the water was measured, and
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Figure 7.

Dismantled 3 Inch Diameter Split Compaction Mold.

Figure 8.

View of Assembled Compaction Mold.
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Figure 9.

Modified Harvard Miniature Compactor with Dismantled
Compaction Mold.

Figure 10.

Another View of the Assembled Compaction Mold.
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the volume of the mold was determined by dividing the weight of water
in the mold by the density of water at that temperature.
A preliminary compaction investigation was undertaken in an
attempt to relate the spring tension in the modified Harvard miniature
compactor to soil density.

By keeping constant the moisture content,

number of soil layers, and number of tamps per layer, the desired
density could be controlled by setting the spring tension of the
compactor.

All samples were compacted at the natural moisture content

with 25 layers of soil at 25 tamps per layer.
A density uniformity study was also made in which the densities
of the upper, middle and lower portions of a number of compacted
samples were determined in order to define the effect of cumulative
compaction on the uniformity of the sample.

A two-way classification

analysis of variance showed that there was no significant difference
in the densities within the samples.
3.

Compaction Procedures.

The compaction mold was assembled, and the

inside of the mold was sprayed lightly with a silicone compound to
reduce the possibility of sticking.

A sheet of Mylar film was placed

around the inside of the mold to facilitate sample removal.

The spring

tension on the compaction apparatus was then set to develop the force
necessary to obtain the desired density.

The wet weight of a sample

at the desired density was determined, and the weight of each layer
of soil was calculated.

This quantity of soil was placed in the mold,

leveled off and compacted with 25 tamps of the compactor.

Care was

taken so that no more force was exerted on the compactor than necessary
to initiate deflection of the spring.

The upper portion of the soil

layer was then scarified with a spatula, and another quantity of soil
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was placed in the mold, leveled off, 'compacted, and scarified.

This

was repeated until the top of the soil sample was just above the main
body of the mold (25 to 26 layers).

The compaction collar was then

removed, and the Mylar film was trimmed around the top of the mold.
The soil was then trimmed flush with the top of the mold, and the mold
and soil sample were weighed to determine the true weight and density
of the sample.

The soil trimmings were used to make a water content

determination.

The machine bolts on the mold were then loosened, and

the mold was removed, leaving the soil sample wrapped in Mylar film.
The film was removed, and the sample was sealed in wax, labeled and
placed in the moist curing room.

Samples were compacted in this

manner at dry densities of 92, 96 and 100 pounds per cubic foot (1470,
1540 and 1600 kg/ms) on a schedule that allowed each sample to cure
for a period of 56 days before triaxial testing.

C.

TRIAXIAL TESTING

1.

Description of Triaxial Testing Equipment.

To insure that uniform

strains existed within the samples during triaxial testing, lubricated
end platens were used in the testing of the compacted samples.

These

end platens were made of acrylic plastic 3.0 inches (7.6 ern) in diameter
and 0.5 inches (1.3 em) thick.

A 0.25 inch (0.64 em) diameter hole

was drilled through the center of each of the platens, and porous
stones were fitted into the holes so that they extended about 0.3
inches (0.8 em) above the platens.

The end platens were lubricated

with a thin layer of silicone vacuum grease.

A 0.012 inch (0.30 em)

thick rubber membrane was cut and placed over the grease.

A second

layer of grease and another membrane were then placed on the platens.
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Figure 11 shows an end platen with porous stone, and Figure 12 shows
the end platen with lubrication and membranes.
The triaxial compression cell was manufactured by Soil Engineering
Equipment Co., and accommodates a nominal 3 inch (7.6 em) diameter
sample.

The cell uses a 0.5 inch (1.3 em) diameter piston and two sets

of Thomson ball bushings to minimize piston friction.

Figure 13 shows

the partially assembled triaxial cell, and Figure 14 shows the fully
assembled triaxial cell.
Axial loads were applied to the samples with a Geonor loading
press.

The loads were measured with a 3,000 pound (13,350 N) capacity

load cell connected to a Dana Model 5000 digital multimeter.

Volume

changes of the samples were determined from the amount of water entering
or leaving the cell through a Soil Engineering Equipment burette.

A

wooden cabinet with a glass door was constructed around the loading
press.

Two 60 watt light bulbs and a temperature probe were placed

inside and connected to a Thermistemp Model 63RC Temperature Controller
to maintain a temperature of the triaxial cell constant to within 0.1°
Celsius throughout the tests.
2.

Preliminary Triaxial Testing Procedures.

The load cell was cali-

brated by placing it in a Tinius Olson universal testing machine. The
resulting plot of the load cell readings of the digital multimeter
versus the applied load was analyzed by linear regression to determine
the slope of the resulting curve.
The volume change device was calibrated to determine the relation
between the volume of water entering or leaving the triaxial cell and
the change in readings of the linear scale on the volume change burette.
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Figure 11.

Figure 12.

End Platen with Porous Stone.

End Platen with Porous Stone and Greased Membranes.
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Figure 13.

Figure 14.

Partially Assembled Triaxial Cell.

Fully Assembled Triaxial Cell.
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This was accomplished by taking an initial burette reading and then
allowing fluid to flow into a graduated cylinder calibrated in tenths
of a milliliter.

The measured volume was divided by the change in

readings on the burette scale.
times.

This procedure was repeated several

An average value of volume per length of burette was calculated.

Since the volume change of the sample was found by measuring the
amount of water entering or leaving the triaxial cell, there was concern
of the possibility of leakage through valves and fittings, leakage
around the piston, and expansion of the lucite cell distorting the
volume determinations.

In order to estimate the effect of such leakage

and expansion, a solid steel cylinder with the same dimensions as the
soil samples to be tested was placed in the triaxial cell, and the cell
was assembled in the same manner as if a soil sample were to be tested.
If no leakage or expansion existed in the system, there would be no
volume change associated with an.application of confining pressure.
The pressure to the cell was increased in the same increments and time
intervals as if a soil sample were being consolidated.

Volume change

readings were plotted versus time both during the application of the
pressure, and also as the final confining pressure was held constant
for a long period of time.

This procedure was followed for confining

pressures of 10, 30 and 50 pounds per square inch (69, 207 and 345 kPa).
The result in each case was an amount of volume change due to expansion
of the equipment during application of the pressure and a linear volume
change with time due to the leakage in the various parts of the system.
It was found that this leakage rate was roughly proportional to the
applied confining pressure.

The results of this phase of preliminary

testing were applied as a correction to the volume changes measured
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during consolidation and shear of the soil samples to isolate the true
volume changes of these samples.
3.

Triaxial Testing Procedures.

After 56 days of moist room curing,

the compacted sample was carefully stripped of its wax coating and
trimmed to a length of 3.0 in. (7.6 em).

A water content determination

was made using the soil trimmings to verify that no moisture change had
occurred.
sample.

Several length and diameter measurements were made on the
A small amount of soil was carefully trimmed out of the center

of each end of the sample so that the porous stones in the lubricated
end platens could be accommodated.

The sample was then weighed to the

nearest hundredth of a gram, and a lubricated end platen was placed on
each end of the sample.

A saturated filter paper disk was placed on

the base of the triaxial cell.

The sample with end platens was also

placed on the base of the cell.

Another saturated filter paper disk

was placed on the top end platen, and the top cap was then put in
place.

A 0.012 (0.30 mm) inch thick rubber membrane was placed

around the specimen.

Rubber 0-rings were used to secure the membrane

to the top cap and base.

The drainage line from the top cap was

connected to the drainage port in the base of the cell, and the
drainage lines leaving the base of the cell were closed.
The triaxial base with the specimen was then immersed in a tank
of deaired water.

A small diameter tube connected to an aspirator

was used to remove bubbles of air adhering to the sample or base of
the triaxial cell.

Once this air was removed, the lucite cylinder

and top plate of the triaxial cell were also immersed in the water,
and all air bubbles.were removed.

The triaxial cell was then assembled

under water to insure that no air would be present inside the cell.
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After the cell was assembled, it was removed from the tank, and the nuts
on the top of the cell were tightened successively one quarter of a turn
each until a torque of 12.5 foot-pounds (17.0 N-m) was applied to the
nuts.

This torque was applied so that leakage was kept to a minimum,

and to assure consistency in assembling the cell for each test.
Castor oil was slowly poured through the bushings, and water was
allowed to escape through the top plate valve until a bulb of castor
oil was visible just below the bottom of the bushings.

The piston was

then inserted while displacing some water from the top plate valve.
When the piston had come into contact with the top cap, the top plate
valve was closed, and the entire cell was wiped clean of water or
castor oil so that leakage would be immediately noted.
The triaxial cell was placed in the loading press with the load
cell atop the piston.

The strain dial was placed so that the deflection

of the piston could be measured.

The volume change indicator was

carefully connected to the line leading to the cell so that no air
was introduced into the system in the process.

The valve to the cell

and the drainage lines from the sample were then opened.
The consolidation pressure was applied to the sample systematically in 1 pound per square inch (6.9 kPa) increments.

The first two

increments were applied for a period of 1 minute each, and the third
increment was applied for a period of 8 minutes.

Volume change

readings were taken at 1, 2, 4, and 8 minutes after application of the
pressure increment.

This sequence was repeated twice until 9 pounds

per square inch (62 kPa) pressure had been applied.

The pressure was

then increased to 10 pounds per square inch (69 kPa) and held for a
period of 32 minutes.

Volume change readings were then taken at 1,
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2, 4, 8, 16, and 32 minutes after application of the pressure.

The

total 62 minute sequence of applying 10 pounds per square inch (69 kPa)
consolidation pressure to the sample was repeated as many times as
necessary to reach the final consolidation pressure of 10, 30 or 50
pounds per square inch (69, 207 or 345 kPa).

After the final consolida-

tion pressure increment had been applied, the sample

~as

left ·f ar a

period of 10 to 12 hours so that complete consolidation of the specimen
was achieved as verified by the burette readings.
After consolidation, the sample was sheared at a constant rate of
strain of 0.0003 inches (.0076 mm) per minute with the drainage lines
open.

Readings of the axial deflection dial, the volume change

indicator, elapsed time, axial load, and temperature of the triaxial
cell were taken regularly until a strain of 20 percent had been
reached.

After the sample had been sheared, the cell pressure was

slowly reduced to zero.

The triaxial cell was then removed from the

loading press and dismantled.

The rubber membrane was carefully

removed from the sample, and the sample was weighed to the nearest
hundredth of a gram.

The diameter and length of the sample were again

measured at several locations of the sample.

The entire sample was

then placed in the oven for moisture content determination.
Samples at compacted dry unit weights of 92, 96 and 100 pounds
3
per cubic foot (1470, 1540 and 1600 kg/m ) were tested at consolidation
pressures of 10, 30 and 50 pounds per square inch (69, 207, 345 kPa).

D.

ANALYSIS OF THE TEST RESULTS
The test data were analyzed using a computer program written in

Fortran language especially for the type of triaxial tests performed.
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The measured volume of the sample during the test was corrected for
the advance of the piston into the cell, the change in temperature of
the fluid in the cell, and the leakage in the system.
frequent readings and, thus, keeping 6E

a

By taking

very small, the tangent

Poisson's ratio was approximated using equation 22.

The cross

sectional area of the sample was calculated by dividing the corrected
volume by the sample length.

A linear regression analysis was

performed to determine the slope and the intercept of the transformed
hyperbolic curve using data points representing axial strains greater
than 3 percent.

The theoretical maximum stress difference, represented

by the asymptote to the hyperbolic curve, was calculated by taking the
inverse of the slope of the transformed hyperbolic curve.

The stress

level at a given point in the test was determined by expressing the
principal stress difference as a percent of this theoretical maximum
stress difference.
Values of the principal stress difference, axial strain,
volumetric strain, tangent Poisson's ratio, tangent modulus, stress
level, and axial strain divided by principal stress difference were
calculated and tabulated by the computer ?rogram.
A series of plotting routines was used to plot the following
curves for each test:
1.

Stress-strain curve

2.

Transformed hyperbolic curve

3.

Volumetric strain versus axial strain

4.

Poisson's ratio versus axial strain
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5.

Stress-strain data points overlain by "best fit" rectangular
hyperbola

6.

Poisson's ratio versus stress level
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III. RESULTS AND DISCUSSION

A. PHYSICAL PROPERTIES OF THE LOESS
Results of the preliminary testing show that the modified Memphis
loess may be classified as a silty clay, with approximately 21 percent
(by weight) clay-size particles.

Table I presents the results of the

index property tests performed on the loess. As can be seen in Table I,
the natural water content of the loess was very near to the plastic
limit of the soil.

Figure 15 presents the grain size distribution of

the loess.
Density determinations made on undisturbed samples of the loess
indicate that the material had a natural moist unit weight of 119 pounds
3
per cubic foot (1910 kg/m ).

At a natural moisture content of 24

percent, the dry unit weight of the undisturbed loess was 96 pounds per
3
cubic foot (1540 kg/m ).

It was decided that triaxial tests would be

performed at three compacted unit weights at the natural water content
to determine what effect (if any) the unit weight had on the results.
The soil was kept at the natural water content.

It seemed appropriate

to compact samples at the natural density of the loess and at densities
higher and lower than this value.

By trial and error, it was found that

for 25 tamps on each of 25 layers, a spring tension of 33 pounds (147 N)
on the modified Harvard miniature compactor was necessary to achieve a
3
dry unit weight of 96 pounds per cubic foot (1540 kg/m ).

The highest

dry unit weight that could be achieved was 100 pounds per cubic foot
3

(1600 kg/m) at a spring tension of 58 pounds (258 N).

Since this dry

unit weight exceeds the natural dry unit weight by 4 pounds per cubic
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Table I

Soil Index Properties

Liquid Limit (%)

42

Plastic Limit (%)

25

Shrinkage Limit (%)

21

Natural Water Content (%)

24

Plasticity Index (%)

17

Specific Gravity of Soil Solids

2.71

Classification (Unified System)

CL

Percent Passing Number 200

u.s.

Standard Sieve

99
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3
foot (64 kg/m ), it was decided that the lower dry unit weight should be
3

92 pounds per cubic foot (1470 kg/m ).

This dry unit weight was

obtained by trial and error when the spring tension of the compactor
was set to 22.5 pounds (100 N).
Table II presents the void ratio, saturation and porosity for each
of the compacted unit weights.

B. HYPERBOLIC STRESS-STRAIN RESPONSE FOR THE LOESS
Consolidated-drained triaxial compression tests on unsaturated
loessial samples were performed at confining pressures of 10, 30 and 50
pounds per square inch (69, 207, and 345 kPa) at each compacted unit
weight.

The resulting stress-strain data were plotted in transformed

hyperbolic form in which a hyperbola plots as a straight line.

A

linear regression analysis was performed on data representing axial
strains larger than 3 percent, as was done by Riggs (1978).

The results

of the linear regression analyses indicate excellent correlation between
the stress-strain data and a rectangular hyperbola.
Typical transformed stress-strain data are shown overlain by the
"best fit" straight line through data points representing axial strains
larger than 3 percent in Figure 16.

Figure 17 presents these typical

stress-strain data overlain by the rectangular hyperbola defined by the
straight line through the transformed data.
Of nine tests, in only one instance was the value of the correlation coefficient resulting from the linear regression analysis below
0.999.

This occurred for a dry unit weight of 100 pounds per cubic

3
foot (1600 kg/m ) at a consolidation pressure of 10 pounds per square
inch (69 kPa).

The linear regression analysis for this test indicated
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Table II

Weight-Volume Relations for the Compacted Samples

Saturation (%)

Porosity (%)

Dry Density (pcf)

Void Ratio

92

.838

77.6

45.6

96

.761

85.4

43.3

100

.691

94.1

40.9
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a correlation coefficient of 0.9897.

The transformed data for this test

are shown in Figure 18.
This test was unique in that it combined the highest unit weight
with the lowest confining pressure.

It is probable that excessive

negative pore pressures developed at some point during this test due to
the the high density of the sample, the overconsolidation that was a
result of the high compactive effort required to achieve the high
density in conjunction with the relatively low confining pressure, and
the nature of the triaxial test. This type of triaxial compression test
on an unsaturated soil allows excess positive pore pressures to dissipate by permitting drainage from the sample.

However, since the sample

is unsaturated and is therefore not allowed free access to water outside
the sample, negative pore pressures may generate within the sample
during the shearing phase of the test.

These negative pore pressures

are usually a result of dilation of the sample and cause the effective
confining pressure to increase by a value equal to the negative pore
pressures. The increase in effective confining pressure would result in
higher shear strengths for the test (Figure 19).

At an axial strain

between 2 and 3 percent, the stress-strain data points turn gently
upward as a result of dilation of the sample.

This visual observation

is confirmed by examining the data for this test.

The value of

incremental tangent modulus increases slightly at about 2 percent
axial strain, indicating an increase in rate of strength gain.

Further-

more, volumetric strain begins to decrease, indicating dilatent
behavior of the sample.
This effect was reported by Seed and Chan (1959) in consolidatedundrained triaxial tests on a compacted soil with index properties very
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similar to those of the modified Memphis loess utilized in this investigation.
soil.

The authors attributed this behavior to the structure of the

A discussion of soil structure and how it relates to results

observed in this investigation is presented subsequently in this
chapter.
It is believed that dilation of the sample, development of negative
pore pressures and subsequent increase in strength occurred, to at least
some extent, in all of the tests performed.

The generation of negative

pore pressures could have been eliminated by saturating the sample and
allowing it free access to water throughout the test.

However, in doing

this, field conditions would not be simulated.
For the triaxial tests performed on samples at a dry density of 96
3
pounds per cubic foot (1540 kg/m ), the stress-strain data closely
approximated a rectangular hyperbola at all strain levels.

However, for

the tests performed on samples at 92 and 100 pounds per cubic foot
3
(1470 and 1600 kg/m ) dry densities, the transformed stress-strain data
fell below the best fit straight line at low axial strains.

This

indicates that the values of the tangent moduli at these low strains are
larger than those implied by the best fit rectangular hyperbola.
Similar behavior of the transformed data at low axial strains was
observed by Kondner (1963), Duncan and Chang (1970), and Daniel and
Olson (1974) for compacted specimens of various soil types.

In no

instance did the transformed test data indicate initial linearity of the
stress-strain curve as reported by Riggs (1978), shown in Figure 4.
The

triaxia~.

test results reported by Riggs were performed on

undisturbed samples of the same modified Memphis loess as used herein.
The stress-strain curves for. those undisturbed samples indicate an
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elasto-hyperbolic failure mode in which the initial linearity is
followed by hyperbolic behavior.

The stress-strain curve changed from

linear to hyperbolic at relatively low axial strains, representing
stress levels near 50 percent of ultimate.

This stress-strain behavior

is thought to be indicative of the brittle cohesion which is a property
of undisturbed loessial soils.

The brittle cohesion may be due to the

cementation between the soil particles.

It has been shown that

cementation is destroyed by the application of high stresses or strains.
Because cementation can be generally broken down by remolding the soil,
the stress-strain curves of the compacted loessial samples did not
exhibit the initial linearity which was observed by Riggs.
The value of the failure ratio, Rf, for the compacted samples of
loess was found to be less than the values reported by previous
investigators.

The ratio of the stress difference at an axial strain of

15 percent to the theoretical maximum stress difference ranged from 0.66
.to 0.87 for the triaxial tests.

The value of Rf was as low as 0.46 for

:the tests performed on the samples at a dry density of 100 pounds per
3
cubic foot (1600 kg/m ) and a confining pressure of 10 pounds per square
inch (69 kPa).
two reasons:

The values of Rf were thought to be relatively low for
(1) the method of calculating the failure ratio was not

consistent with previous investigators.

Since the samples were still

gaining in strength at axial strains exceeding 18 percent, the failure
of the samples had not actually occurred.

However, a practical limit of

15 percent axial strain was arbitrarily set, and the stress difference
at an axial stt:a:i.n of 15 percent -was .substituted for the stress
difference at failure in the calculation of the failure ratio; (2) the
method of predic·ting the theoretical maxim.um stress difference was not
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consistent with previous investigators.

The theoretical maximum stress

difference is defined as the value of the inverse of the slope of the
transformed stress-strain curve.

As noted earlier, the transformed

stress-strain data at low axial strains were concave downward near the
origin for a majority of the tests.

Since only the data representing

axial strains greater that 3 percent were used to determine the best fit
line through the transformed data, the slope of this line would have
been steeper had data points at strains less than 3 percent been
~

included in

~he

linear regression analyses.

A steeper slope would

indicate a smaller value for the theoretical maximum stress difference,
and thus would indicate a larger value for the failure ratio.

C. STRESS-DEPENDENT HYPERBOLIC RESPONSE FOR THE LOESS
The theoretical initial tangent modulus was plotted versus
confining pressure on a log-log coordinate system to determine whether
Janbu's (1963) formula for the prediction of the initial tangent
modulus (equation 12) is valid for the loess tested.

The theoretical

E.

1

p

(12)

a

initial tangent modulus is found by taking the inverse of the intercept
of the transformed stress-strain curve.

The plot of initial tangent

modulus versus confining pressure is shown in Figure 20 for the three
dry densities at which samples were tested.

As can be seen in Figure

20, the relation of initial tangent modulus to confining pressure
approximates a straight line on a log-log coordinate system for each of
the three dry densities at which samples were tested.
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Linear regression analyses were performed to determine the values
of K and n in equation 12 for each dry density.

The results are

presented in Table III; they are not consistent with Janbu's observation
that the value of n increases with increasing porosity.

The value of n

increased with every decrease in porosity, indicating that the initial
tangent modulus increased with an increase in confining pressure at a
higher rate for samples with higher unit weights.

This could probably

be attributed to a change in the structure of the soil particles due to
the effects of kneading compaction.
Modified loess in its natural state typically has a flocculated
soil structure which exhibits a certain amount of cementation.

In the

process of passing the soil through a Number 4 U. S. Standard Sieve and
compacting the samples, some of the flocculated structure is destroyed.
However, if low compactive effort is used to compact soil samples, then
the soil structure may still be flocculated, and little change in
initial tangent modulus results from an increase in confining pressure.
Therefore, for relatively low unit weights, the initial tangent modulus
is controlled mainly by the soil structure, and the value of n
in equation 12 increases only slightly with an increase in unit weight.
For high compactive efforts resulting in densities somewhat above
the natural unit weight, the flocculated structure is almost entirely
destroyed, and a predominately dispersed structure results.

Since 100

3

pounds per cubic foot (1600 kg/m ) was the maximum dry unit weight which
could be achieved by kneading compaction at the natural water content,
it is assumed that the samples compacted at this unit weight have a
dispersed soil structure. If this is true, then it appears that the
initial tangent modulus for samples with a dispersed soil structure is
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. :Table III

Summary of Experimental Constants of Equation 12

Dry Density (pcf)

Porosity (%)

K

n

Correlation
Coefficient

92

45.6

107.3

.235

.916

96

43.3

180.6

.242

.998

100

40.9

62.1

.770

.999
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more sensitive to change in confining pressure.

This is indicated by a

much higher value of n for the series of samples compacted at a dry
3

density of 100 pounds per cubic foot (1600 kg/m ).
Janbu also observed that the value of K in equation 12 decreases
significantly with an increase in porosity.

While this observation

proved true for dry unit weights of 92 and 96 pounds per cubic foot
3
(1470 and 1540 kg/m ), the value of K for a unit weight of 100 pounds
3
per cubic foot (1600 kg/m ) was much less than the other densities
despite a decrease in porosity.

This indicates that although the

initial tangent modulus at a given confining pressure increases with an
increase in dry density (decreasing porosity) from 92 to 96 pounds per
3
cubic foot (1470 to 1540 kg/m ), the initial tangent modulus decreases

with an increase in dry density from 96 to 100 pounds per cubic foot
3
(1540 to 1600 kg/m ).

This phenomenon can be explained by the differ-

ence in the soil structure of the compacted samples and the effect that
kneading compaction and compactive effort have on the soil structure.
The relation of soil structure to initial tangent modulus has been
discussed quite thoroughly in the literature.
Seed and Chan (1959) noted that for compacted clays, the more
flocculated samples have much steeper stress-strain curves and develop
their maximum strengths at low strains, while the more dispersed samples
have much flatter stress-strain curves and continue to increase in
strength even at very high strains.
compacted loessial samples.

This seems to be the case with the

As mentioned previously, the samples

compacted at dry densities of 92 and 96 pounds per cubic foot (1470 and
3
1540 kg/m ) probably retained much of the natural flocculated structure,

and the samples compacted at the higher dry unit weight had a dispersed
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soil structure.
This decrease in initial tangent modulus with a change in soil
structure was also reported by Langfelder and Nivargikar (1967).

They

noted that for certain water contents, an increase in dry unit weight
will yield a lower stress at low strains:
"This is consistent with the conclusions presented earlier;
that kneading compaction will produce a flocculated structure on the dry side of optimum water content and a more
dispersed structure on the wet side of optimum, and that
the flocculated structure is more rigid than the dispersed
structure. At the lower strain levels the initial structure
still influences the strength, whereas at the larger strains
the initial flocculated soil is essentially destroyed."
Langfelder and Nivargikar also observed that the as-compacted shear
strength of a cohesive soil, for a constant water content, will exhibit
an increase in shear strength for all water contents with an increase
in dry density only when the strength is defined at large strains.

At

low strains, the strength may increase or decrease with dry density
depending on the water content and the method of compaction.
Equations 19 and 20 were used by Daniel and Olson to describe the
relationship between compressive strength and confining pressure.

(19)

(20)

In order to test the validity of equation 19, the theoretical maximum
stress difference for each test was plotted versus confining pressure
(Figure 21).

In addition, these data were plotted on a log-log

coordinate system so that the validity of equation 20 could be tested
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(Figure 22).

As can be seen in these figures, the test data do not

reasonably approximate straight lines as described by equations 19 and
20.
A much more correct description of the relationship between
theoretical maximum stress difference and confining pressure is obtained
by using the Mohr-Coulomb failure criterion, as was done by Kulhawy,
Duncan and Seed.

Figures 23, 24 and 25 present the Mohr's envelopes for
3

dry unit weights of 92, 96 and 100 pcf (1470, 1540, and 1600 kg/m ),
respectively.

Only the Mohr's circle of stress for the sample tested at

3
a dry density of 100 pcf (1600 kg/m ) and a confining pressure of 10 psi
(69 kPa) did not closely fit the Mohr-Coulomb failure criterion.
results of this test have been discussed previously.

The

Table IV presents

the values of c and ¢ for each dry unit weight at which samples were
compacted and tested.

D. STRESS-DEPENDENT EXPRESSIONS FOR TANGENT POISSON'S RATIO
Experimental values for tangent Poisson's ratio were plotted versus
axial strain and stress level for each consolidated-drained triaxial
test which was performed.

Typical tangent Poisson's ratio data plotted

versus axial strain are presented in Figure 26.

Shown in Figure 27 are

these same tangent Poisson's ratio data plotted versus stress level.
These experimental curves substantiate the observation of Duncan and
Chang (1970) that tangent Poisson's ratio generally increases with
increasing stress level.
However, values of tangent Poisson's ratio at low axial strains
and stress levels were initially high and rapidly decreased in value as
reported by Riggs (1978).

After reaching a minimum, the value of
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Table IV

Summary of Mohr-Coulomb Parameters

Dry Density (pcf)

c (psi)

¢ (degrees)
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9

28
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tangent Poisson's ratio then increased with increasing stress level.
This phenomenon of an initially high value of tangent Poisson's ratio
followed by rapidly decreasing values of tangent Poisson's ratio is an
anomaly which cannot easily be explained.
A high value of tangent Poisson's ratio results when the
incremental change of volumetric strain is very small with respect to
the incremental change in axial strain.

Similarly, when the incremental

change of volumetric strain is high with respect to the incremental
change of axial strain, a relatively low value of tangent Poisson's
ratio is calculated.
The test results seem to indicate an initially very low incremental
volumetric strain which increases quite rapidly until tangent Poisson's
ratio is at a minimum value.

This minimum value of tangent Poisson's

ratio was generally reached at a measured axial strain of about
1 percent and a stress level of about 15 percent.
This phenomenon of rapidly decreasing tangent Poisson's ratio could
not be explained by soil behavior under low stress and strain levels.
Therefore, this anomalous initial behavior of tangent Poisson's ratio
may be related to testing equipment and procedures, and may not be
truly indicative of soil behavior at low stress levels.
Statistical analyses were performed in order to arrive at mathematical expressions which closely represent the relationship of tangent
Poisson's ratio to either axial strain or stress level.

Because it is

thought that the initial large values of tangent Poisson's ratio were
not truly indicative of sample behavior, test data in these initial
portions of the tests were ignored in the linear regression analyses.
In order to test the findings of Kulhawy, Duncan and Seed (1969),
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the data were analyzed to determine if axial strain is indeed a hyperbolic function of radial strain.

This relationship is expressed by

equation 27.
E

c

r

(27)

-~

f+dc

a

r

As discussed previously, equation 27 can be transformed to describe
a straight line (equation 28).

c
E

r

f

a
E

Therefore, Poisson's ratio,
function of radial strain, E .
r

+ de r

(28)

r

is indicated to be a linear
a
Linear regression analyses performed on
E

the experimental data from each test indicated that a straight line
relationship of Poisson's ratio and radial strain does describe the test
results closely (Figure 28).

Correlation coefficients resulting from

the linear regression analyses ranged from 0.894 to 0.982 with an
average value of 0.948.

Therefore, equation 27, which expresses axial

strain as a hyperbolic function of radial strain, appears to be valid
for these test data.
Kulhawy, et. al., used equation 27 to derive equation 31, which
describes tangent Poisson's ratio as a function of axial strain.

f

(1-dc )

2

(31)

a

To further test the author's conclusions, the curve described by
equation 31 was plotted with the typical test data previously presented
in Figure 26.

As can be seen in Figure 29, equation 31 is a poor
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description of these experimental data.

Values of

~t

calculated from

equation 31 are too large at both low and high values of axial strain.
This observation was also made by Daniel and Olson (1974) for data
obtained in their investigation.
Therefore, in lieu of using equation

31~

Daniel and Olson reported

that values of tangent Poisson's ratio closely approximated a linear
function of stress level (equation 35).
(cr1-cr3)
vt =vi+ (vtf-vi) (cr1-cr3)f

(35)

Additional linear regression analyses were performed on the
experimental data to test the validity of equation 35.

These linear

regression analyses were also performed on data obtained after the
initial seating of the end platens had occurred.

The results of these

analyses showed good correlation between equation 35 and the experimental data.

Correlation coefficients averaged 0.955 and ranged from 0.847

to 0.996.

Figure 30 shows the test data presented in Figure 27 overlain

by the best fit straight line through these data.
Riggs (1978) performed triaxial tests on undisturbed samples of
modified Memphis loess.

Equations 23 and 24 were used by him to

describe tangent Poisson's ratio as a two-step function of stress
level.
v

0.450- 2.25(s)

(23)

(24)
A typical curve of Poisson's ratio versus stress level as reported
by Riggs is shown in Figure 31.
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did the Poisson's ratio curve turn upward with increasing stress level
as reported by Riggs.
A study of the curves of tangent Poisson's ratio versus stress
level revealed that for samples compacted to dry unit weights of 92 and
3

96 pounds per cubic foot (1470 and 1540 kg/m ), the curves were very
nearly linear.

However, the tangent Poisson's ratio versus stress level

curves for samples compacted to a dry unit weight of 100 pounds per
3
cubic foot (1600 kg/m ) appeared to consist of two linear portions.

The

test data in the first linear portion rose quite sharply to a value of
tangent Poisson's ratio of about 0.45.
portion not nearly so steep was evident.

At this point, a second linear
Figure 32 shows this behavior

of tangent Poisson's ratio with test data from a sample compacted at a
3
dry unit weight of 100 pounds per cubic foot (1600 kg/m ) and tested at
a confining pressure of 10 pounds per square inch (69 kPa).
Although the change in slope of the straight line at a tangent
Poisson's ratio value of 0.45 was apparent to at least some degree in
many of the other tests, it was much more strongly defined in results
from the tests on samples at the highest dry unit weight.

The differ-

ence in linearity among the different dry unit weights is further
demonstrated when the correlation coefficients from the linear regression analyses are compared.

A value of 0.985 was calculated as the

average of correlation coefficients of samples compacted at dry
3
densities of 92 and 96 pounds per cubic foot (1470 and 1540 kg/m ).
For samples at a dry unit weight of 100 pounds per cubic foot (1600
kg/m 3 ), an average value of correlation coefficients of 0.896 was
calculated.
In order to better describe the relationship of tangent Poisson's
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ratio to stress level for samples at a dry unit weight of 100 pounds per
3
cubic foot (1600 kg/m ), the experimental data from these samples were
analyzed as a two-step linear function of stress level.

A linear

regression analysis was performed on each set of data using only tangent
Poisson's ratio values less than 0.45.

A separate linear regression

analysis was performed on data which exceeded this value.

The result

was a better mathematical representation of the experimental data.

The

average value of the correlation coefficients for the highest dry unit
weight was increased from a value of 0.896 to 0.925.

A similar approach

to data from tests on samples at lower dry unit weights resulted in a
decrease in the average value of correlation coefficients from 0.985 to
0.880.
While it is not known why the break in the slope of the Poisson's
ratio versus stress level curve occurs at a Poisson's ratio value of
0.45 rather than at a fixed value of axial strain or principal stress
difference, it is interesting to note that for the samples compacted at

3
100 pcf (1600 kg/m ), the break in the curve seemed to occur at a fixed
stress level.

With the exception of the sample tested at 10 psi

(69 kPa), the break in the Poisson's ratio curve occurred at a stress
level of about 32 percent.
It is thought that the reason for the difference in behavior of
tangent Poisson's ratio in samples with the highest dry unit weight lies
in the structure of the loess.

As discussed previously, the high

compactive effort necessary to achieve such a high dry unit weight
results in a predominately dispersed soil structure.

This dispersed

structure exhibits more of a plastic nature than does a flocculated
structure.

Therefore, it follows that the value of initial tangent

81

Poisson's ratio of a sample with a dispersed structure will be larger
than that of a sample with a flocculated structure.

Also, the value of

tangent Poisson' ratio will more quickly reach a value of 0.50, indicating a plastic behavior.
In addition, samples at a high dry unit weight have a greater
tendency to dilate.

If the sample tends to dilate during shear, the

incremental change in volumetric strain is negative, resulting in a
value of tangent Poisson's ratio greater than 0.50.

This was observed
3

in the samples compacted to 100 pounds per cubic foot (1600 kg/m ) dry
unit weight.

The phenomenon was more pronounced at the low confining

pressure of 10 pounds per square inch (69 kPa), and became less evident
at higher confining pressures.

This observation was also made by

Withiam and Kulhawy (1976), who reported that test specimens which
showed dilatent behavior typically were compacted with high compactive
effort and were tested at low confining pressure.

Furthermore, this

observation substantiates the theory of dilatent behavior presented
earlier in this chapter.
Kulhawy, Duncan, and Seed and also Daniel and Olson reported that
semilogarithmic plots of initial tangent Poisson's rato versus confining
pressure approximately define straight lines (equations 29 and 36).

0

v.

1

G - F log {~)
p
a

vi = D + E log

03

(29)
(36)

Furthermore, Daniel and Olson noted that tangent Poisson's ratio at
failure is also proportional to the logarithm of the confining pressure
(equation 37).
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(37)
The values of initial tangent Poisson's ratio which resulted from
the linear regression analyses performed on tangent Poisson's ratio
versus stress level data were plotted on a semilogarithmic scale.

For

tests performed on samples compacted to a dry unit weight of 100 pounds
3
per cubic foot (1600 kg/m ), two values of initial tangent Poisson's
ratio were plotted.

One value represented the linear regression

analysis performed on data of tangent Poisson's ratio less than 0.45.
The second value represented tangent Poisson's ratio values greater than
0.45.

Figure 33 presents the values of initial tangent Poisson's ratio

plotted versus confining pressure.

Each data point in Figure 33

represents the average value of initial tangent Poisson's ratio for two
tests performed on samples compacted to the same dry unit weight.

The

best fit straight lines through these data are also shown in Figure 33.
As can be seen in this figure, the relationship described in the
literature seems to hold true for the results of this investigation.
This is especially apparent with the data representing the samples at
the highest dry unit weight.

However, at the lower dry unit weights,

the value of initial tangent Poisson's ratio decreases with increasing
confining pressure and seems to reach a limiting minimum value.

This is

represented by the dashed lines through the data points.
Figure 34 shows the tangent Poisson's ratio at failure versus the
confining pressure on a semilogarithmic plot.

The values of tangent

Poisson's ratio at failure were taken from the results of the linear
regression analyses as the value of tangent Poisson's ratio at a stress
level of 100 percent.

Exceptions to this were the values of tangent
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Poisson's ratio at failure representing tangent Poisson's ratio data
below 0.45 for samples compacted to a dry unit weight of 100 pounds per
3
cubic foot (1600 kg/m ).

These values were taken as the intersection of

the two straight lines defining the test data.

Values of tangent

Poisson's ratio at failure in this instance ranged from 0.45 to 0.47.
The best fit straight lines overlie the data in Figure 34.

Table V

presents the calculated values of the constants D, E, F, and G from
equations 36 and 37.
Equations 13, 35, 36, and 37 can be combined to arrive at an
expression for tangent Poisson's ratio for any stress condition:

D + E log

03

+ [F-D + (G-E)(log o 3 )](1-sin ¢)(o1 -o 3 )
2c cos ¢ + 2o sin ¢
3

In equation 38, the constants D, E, F, G, c, and
a series of

triaxi~l

(38)

¢ can be determined by

compression tests with volume change measurements.

To investigate the effect that changes of dry unit weight have on
the values of the experimental constants of equations 36 and 37, the
values of D, E, F, and G (presented in Table V) were plotted versus dry
unit weight.

Values of D and E for tangent Poisson's ratio values
3

greater than 0.45 at a dry unit weight of 100 pcf (1600 kg/m ) were
ignored, as they do not truly represent initial conditions.

Similarly,

values of F and G for tangent Poisson's ratios less than 0.45 (not
representing failure conditions) were also ignored.
By closely examining the data presented in Figure 33, it is
possible to relate initial tangent Poisson's ratio to dry unit weight.
As noted previously (and shown in Figure 33), the value of initial
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Table V

Summary of Experimental Constants of Equations 36 and 37

Dry Density (pcf)

D

E

F

G

92

. 349

-.202

• 369

.148

96

.370

-.153

.506

.036

100 (v <0.45)

.225

-.007

.497

-.024

100 (v >0.45)

.537

-.084

.662

-.051

t

t
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tangent Poisson's ratio at the lower unit weight decreases with
increasing confining pressure and seems to reach a minimum value.

By

considering only the values of v. at confining pressures of 30 and 50
1

psi (207 and 345 kPa), it appears that the initial tangent Poisson's
ratio for each dry unit weight is a constant value (independent of
confining pressure).

Therefore, the value of E in equation 36 is zero.

In addition, the value of D in equation 36 can be shown as a linear
function of dry unit weight (Figure 35).
The relatively large values of v. at dry unit weights of 92 and 96
1

3

pcf (1470 and 1540 kg/m ) and a confining pressure of 10 psi (69 kPa)
may be attributed to a combination of flocculated soil structure and the
low confining pressure at which the samples were tested.

As discussed

previously, samples with a flocculated soil structure are generally
quite resistant to strains, developing their strength at low axial
strains.

Resistance to volumetric strain results in relatively large

values of tangent Poisson's ratio.

High confining pressures serve to

decrease the resistance to volumetric strains and thus decrease the
value of tangent Poisson's ratio.

The test data indicate that for the

lower dry unit weights, confining pressures greater than 30 psi (207
kPa) have no influence on the value of initial tangent Poisson's ratio.
3
For the samples at 100 pcf (1600 kg/m ) with a dispersed structure, low
confining pressures do not influence the values of vi.
Because the initial flocculated structure is essentially destroyed
at large strains, it is much easier to relate the constants in equation
37 to dry unit weight.

As can be seen in Figures 36 and 37, the values

of the constants F and G in equation 37 are linear functions of dry unit
weight.

As previously mentioned, the data representing tangent
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Poisson's ratio values less than 0.45 for a dry unit weight of 100 pcf
3
(1600 kg/m ) are not included, as they do not represent failure
conditions.
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IV. CONCLUSIONS

The following numbered paragtaphs summarize the main conclusions of
this research:
1.

A rectangular hyperbola may be used to approximate the stress-

strain response obtained from a consolidated-drained triaxial test
performed on unsaturated compacted modified Memphis loess.

Excellent

correlation between the stress-strain curves and mathematical rectangular hyperbolas was indicated throughout the ranges of confining pressure
and dry unit weight which were utilized in this investigation.
2.

For each dry unit weight at which the samples were tested, the

initial tangent modulus of the hyperbolic stress-strain response appears
to be an increasing exponential function of confining pressure.
3.

The relationship between compressive strength and confining

pressure for this soil is best described using the Mohr-Coulomb failure
criterion.
4.

The above conclusions may be utilized to arrive at a single

expression for the tangent modulus at any stress condition as was done
by Kulhawy, Duncan and Seed (1969):

(18)

5.

The results of this investigation clearly show that it is not

possible to characterize the volume change behavior of this soil with a
single value of Poisson's ratio.

Instead, the value of Poisson's ratio

changes with changes of stress and strain.

The value of tangent

Poisson's ratio increases linearly with stress level throughout the
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triaxial test.

For samples compacted to a very high dry unit weight,

the relationship of tangent Poisson's ratio to stress level appears to
be best described by a two-step linear function.
6.

For each dry unit weight at which samples were tested, the

initial and final values of tangent Poisson's ratio are a linear
function of the logarithm of the confining pressure.
7.

Using the above described mathematical relationships for

tangent Poisson's ratio, the value of tangent Poisson's ratio at any
stress condition may be described by equation 38:
[F-D + (G-E)(log cr )](1-sin
3
D + E log cr3 +
2c cos ~ + 2a sin ~

~)(cr -a )

1 3

(38)

3

8.

Values of the experimental constants D, F and G in equation 38

appear to be linear functions of the dry unit weight of the samples.
The value of E appears to be zero, indicating that initial tangent
Poisson's ratio is independent of the confining pressure at which the
samples are tested.
Additional research is needed to determine whether these conclusions are valid for samples compacted at the same dry unit weight, but
at different moisture contents.

In addition, the stress-strain

properties of loess obtained from different locations should be
investigated in order to determine the effects of grain size distribution, mineralogy and soil structure.

With the increasing use of

finite element methods to attempt to predict soil-structure interaction
behavior under load, additional research will be necessary to better
understand the effects of moisture content, dry unit weight, grain size
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distribution, mineralogy, and soil structure on the stress-strain
properties of compacted loessial soils.
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